An orthorhombic (space group Pnnm) boron phase was synthesized at pressures above 9 GPa and high temperature, and it was demonstrated to be stable at least up to 30 GPa. The structure, determined by single-crystal x-ray diffraction, consists of B 12 icosahedra and B 2 dumbbells. The charge density distribution obtained from experimental data and ab initio calculations suggests covalent chemical bonding in this phase. Strong covalent interatomic interactions explain the low compressibility value (bulk modulus is K 300 ¼ 227 GPa) and high hardness of high-pressure boron (Vickers hardness H V ¼ 58 GPa), after diamond the second hardest elemental material.
Pure boron is one of the most enigmatic elements. Boron's three valence electrons are too localized to make it metallic but insufficient in number to form a simple covalent structure. As a compromise, boron atoms form quasimolecular B 12 icosahedra that become building blocks of boron and boron-rich crystalline phases [1] . Several dozens of possible crystalline boron phases have been proposed in the literature, but most of them proved to be borides or to be stabilized by a small amount of impurities. Only -(high-temperature form, rhombohedral, 12 atoms per a unit cell) and -boron (rhombohedral, structure is not fully understood and consists of 105 or 108 atoms in the unit cell) are established as pure boron crystalline forms [2] [3] [4] . The existence of ''tetragonal boron'' as a modification of pure elemental boron or as a boron-rich nitride or carbide has been a subject of controversy [5, 6] . In addition, elemental boron exists in amorphous forms of different purity prepared by various techniques [7, 8] . On compression of a -boron single crystal at room temperature to 100 GPa, amorphization was observed [9] . Energy-dispersive x-ray powder diffraction experiments in laser-heated diamond anvil cells (DACs) suggest that -boron is stable up to 30 GPa and 3500 K, and above these conditions a phase transition to the tetragonal ''T-192'' structure occurs [10] . Resistivity measurements demonstrate metallization of boron and the occurrence of a superconducting state at about 160 GPa [11] . However, the crystal structure of metallic boron is not known. Theoretical studies predict the transformation of -boron into a phase with the -Ga structure, accompanied by an insulator-metal transition [12] .
In 1965, Wentorf [13] reported the synthesis of a new boron form at pressures above 10 GPa and temperatures above 1500 C. The existence of this material was not confirmed until recently [14, 15] . The structure of a highpressure boron phase was solved from powder x-ray diffraction data [15] and found theoretically [14, 16] . The high-pressure boron form has orthorhombic symmetry, and its unit cell contains 28 atoms, so we designate it as B 28 . Here we report the results of single-crystal x-ray diffraction studies of B 28 which, along with the results of our theoretical ab initio calculations, allow us to unambiguously conclude that the nature of chemical bonding in this phase is covalent. Additionally, we demonstrate that B 28 is a wide band gap semiconductor, is superhard, has low compressibility, and is stable at least to 30 GPa at high temperatures.
Although polycrystalline B 28 is known [13] and has just attracted substantial attention [14] [15] [16] , so far single crystals of this phase were not synthesized. Using a largevolume press, at 20 GPa and 1700 K we have grown elongated prismatic dark-red crystals with sizes of about 6 Â 6 Â 25 m 3 . The crystals are mixed with platinum boride (PtB), which appeared due to a reaction of boron with a platinum capsule (see Ref. [17] , methods). We confirmed the purity of B 28 crystals by chemical analysis, collected single-crystal x-ray diffraction data (Ref. [17] , single-crystal diffraction), and refined the crystal structure (Table I ). There is remarkable agreement between structural parameters (Table I) obtained from single-crystal and powder x-ray diffraction data and those from our ab initio calculations [18] . The bc projection [ Fig. 1(a) ] shows that , respectively) in the difference Fourier maps. Enhanced electron densities of similar magnitudes have been obtained in the same bonding regions using the maximum entropy method [19] applied to the singlecrystal x-ray diffraction data, thus confirming the strong covalent bonding character of these contacts.
Ab initio calculations also suggest strong charge density redistributions due to interactions of the boron atoms constituting the B 28 phase which lead to an increase of the charge density around the lines connecting boron atoms, i.e., to formation of covalent or polar covalent bonds. Also, the calculated electronic density of states projected onto B 2 dumbbells and B 12 icosahedra (Fig. 2) shows very strong hybridization, typical for the predominantly covalent bonds. Moreover, the calculated electron localization function [20, 21] between the boron atoms [ Fig. 1(b) ] has a high value (about 0.9 at its maximum in the dumbbellsicosahedra bond), a characteristic feature of strong covalent bonding. Oganov et al. [16] reported results of theoretical studies on the orthorhombic B 28 high-pressure phase suggesting that the material is an ionic boron boride ðB 2 Þ þ ðB 12 Þ À . Our experimental single-crystal structural data and theoretical results do not confirm this model.
Calculated from structural data, the density of the B 28 phase is 2:54ð1Þ g=cm 3 , which is about 1% higher than densities of known (-, -, ''tetragonal'') boron modifications [1] [2] [3] [4] . This is not surprising, because only B 28 contains additional B atoms in an intericosahedral space (although in -boron there are probably interstitial defect atoms). The increased density of B 28 indicates that it may be stable at high pressure. Figure 3 
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185501-2 observed in good agreement with previous reports [4, 13, 15] . At higher pressures we observed a formation of the orthorhombic phase found in both quenched products and in situ experiments by means of Raman spectroscopy and x-ray diffraction. If the B 28 phase synthesized in a DAC at pressures above 10 GPa is reheated by a laser at pressures below 7 GPa, it completely transforms back to -boron thus confirming reversibility of the phase transition (Fig. 3 ). In agreement with experiment, ab initio calculations suggest that orthorhombic boron is more stable than -boron at pressures above about 20 GPa, and on further compression it might transform into the -Ga-type phase at about 88 GPa. The higher density and strong covalent bonding in B 28 suggest that it could be less compressible than other known boron phases. The compression experiment (inset in Fig. 3 ) up to $30 GPa in a DAC with Ne as a pressure transmitting medium and a powder of B 28 presynthesized in a multianvil press gave values of the bulk modulus of K 300 ¼ 227ð2Þ GPa and its pressure derivative K 0 ¼ 2:2ð2Þ [the molar volume was fixed at the value of V ¼ 197:44ð3Þ A 3 =unit cell measured at ambient conditions]. Ab initio simulations (Fig. 3, inset) give K 0 ¼ 221:7ð7Þ GPa, K 0 ¼ 3:6ð3Þ, and V 0 ¼ 195:97ð6Þ A 3 . The value of K 0 we obtained experimentally is notably lower but in accordance with the data of Sanz, Loubeyre, and Mezouar [9] for -boron. The values of the bulk moduli reported in literature for -and -boron are in the range of 185-213 GPa [9, 10, 22] that is lower than the value we obtain for the B 28 phase. The experimental data are too limited to discuss a mechanism of compressibility, but both high-pressure x-ray powder diffraction and theoretical calculations show (Ref. [17] , Fig. S1 ) that the least compressible direction is the a axis, along which there are shortest contacts (and stronger covalent bonding) between B 12 icosahedra and B 2 dumbbells, while compression along b and c axes (normal to the channels hosting B 2 dumbbells) is easier.
In a thin section, both polycrystalline samples and B 28 single crystals are transparent and have a red color (Fig. 4) . The optical absorption edge of the orthorhombic boron phase, measured by the near-infrared and optical absorption spectroscopy, is equal to 2.1 eV (Ref. [17] , methods). As usual, the first-principles calculations underestimate the band gap, so the obtained theoretical value of 1.7 eV (see Fig. 2 ) is in reasonable agreement with experiment. Assuming that the optical absorption is due to excitations across the band gap, we can apply an empirical rule that an indirect edge is generally well approximated by a linear relationship between the square root of the adsorption coefficient and phonon energy [23] . Although this is true in a narrow region (about 0.2 eV) above the absorption edge, the optical spectra (Fig. 4) are too noisy to draw any firm conclusion regarding the nature (direct or indirect) of the band gap. However, theoretical calculations predict an indirect band gap (Ref. [17] , Fig. S2 ).
Pure orthorhombic B 28 is a poor electrical conductor with a resistivity of the order of 10 6 cm at ambient conditions. With increasing temperature, the resistivity decreases indicating semiconducting behavior (Ref. [17] , Boron is known as a hard material (with the Vickers hardness reported as high as 25-30 GPa [24] for -boron). We measured the Vickers microhardness of the orthorhombic boron phase in an asymptotic-hardness region (load up to 10 N) as recommended for hard and brittle materials and as described in our previous publications [25, 26] . We found that samples with submicron grain sizes synthesized at 14 GPa and 1700 K in an indium medium have a hardness of 58(5) GPa (Ref. [17] , Fig. S4 ). This value is in the range of polycrystalline cBN [24] that makes B 28 the second hardest elemental solid after diamond.
Our study demonstrates that the orthorhombic highpressure high-temperature boron phase, synthesized above 9 GPa, has a new structure type, consists of covalently bonded B 12 icosahedra and B 2 dumbbells, and combines unusual properties-it is a wide band gap semiconductor that is superhard, optically transparent, and thermally stable (above 1000 K in air). We have proved the possibility to grow single crystals of this phase, which opens perspectives for applications of the new material in electronics and optics. 
